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Abstract

In this paper, the effect of femtosecond laser nanotexturing of surfaces of Ti6Al4V and Zr implants on their biological compatibility is
presented and discussed. Highly regular and homogeneous nanostructures with sub-micrometer period were imprinted on implant surfaces.
Surfaces were morphologically and chemically investigated by SEM and XPS. HDFa cell lines were used for toxicity and cell viability tests,
and subcutaneous implantation was applied to characterize tissue response. HDFa proliferation and in vivo experiments evidenced the strong
influence of the surface topography compared to the effect of the surface elemental composition (metal or alloy). The effect of protein
adsorption from blood plasma on cell proliferation is also discussed.
© 2019 Elsevier Inc. All rights reserved.
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Excellent mechanical properties, chemical resistance and
biocompatibility allow for the wide use of Ti and Zr, making
those metals suitable for applications in orthopedics and dental
surgery. However, around 7% of dental implants become
damaged 10 years after surgery. Implant loss may occur due to
surgical trauma, infection during either the implant placement or
the healing process, and instability of the implant due to
premature loading.1 About 50% of implant failure are defined as
late losses, which occur due to loss of bone support.2,3 Despite
appropriate mechanical properties for the fabrication of prosthe-
ses, some materials exhibit loss of integration with the human
tissues.4 Surface topography is a key factor for successful metal-
tissue integration. The osteointegration process, that is the direct
anchorage of an implant by the formation of bony tissues without

the growth of fibrous tissues at the bone/implant interface,5 starts
directly after implantation from blood protein and growth factors
adsorption on implant surface with further cell attachment and
proliferation.6 Bone progenitor cells like mesenchymal stem
cells (MSCs) and lining osteoblast produce collagen with further
mineralization and bone remodeling. In this paradigm, surface
topography and wettability are key parameters in determining
implant/tissue interaction and osteointegration.7

Although the integrity of the implant–bone tissue interface is
essential, the interaction between the gingival/mucosal soft tissue
and the implant must also be considered.8 The oral mucosa provides
protection to the periodontal tissue, including alveolar bone, against
bacteria and other deleterious stimuli, but when breached by implant
placement, the continuity of this barrier is disrupted.9 Direct
connection of metal implant with soft tissue is a critical issue during
abutment connection in dental surgery. Pure connection and
presence of gaps between abutment and surrounding soft tissue
may lead to infection development and to implant failure.10,11
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The implant surface should be modified to improve its
biological response and to promote faster implant-tissue
connection with greater efficiency. Namely, the roughness of
the implants should enhance the attachment, proliferation, and
differentiation of progenitor bone cells while the implant is in
contact with the surrounding tissues to accelerate bone
attachment.12

Various treatments have been developed to modify the
implants surface, including machining/micromachining, sand-
blasting, acid etching, electropolishing, anodic oxidation, and
plasma spraying,13 but it is still not clear which is the optimal
topography for a better osteointegration. It was shown that the
cells need cavities or grooves on the implant surface equivalent
to or larger than their own size which is of ~30 μm.14 In the case
of a Ti surface roughened by sand-blasting with large grit,
followed by acid etching, shallow spaces 20–30 μm in average
diameter. Cells cultured on this surface occupied preferentially
those cavities. Wennerberg et al. found by histology examination
that optimal implant surface shown wavy structures with an
average wavelength of 11.6 μm and with deviations in height by
1.4 μm.15 From rabbit intermedullary implantation studies, it was
found that lamellar bone and bone remodeling are highly favored
by 200 μm pores created by laser compared to 10–25 μm ones.16

Hulbert et al. also observed a similar relationship between
osteons and growth on porous surface. Studies carried out on
ceramic implants revealed that osteons require mini pores whose
diameters range from 150 to 200 μm.17 Also, Li et al. showed
that bone growth on 140 μm pore size yielded the best results
among all.18 On the other hand, Linez-Bataillon found that
smooth surfaces are more attractive for osteoblast MC3T3 cells
and show significant better proliferation compared to sand-
blasted implants.19

However, it was proven that scaffolds with nanoscale
roughness have large surface areas to adsorb proteins, which
present more binding sites to cell membrane receptors.20 Lai et
al. indicated that the nanostructured Ti coating enhances protein
polymerization, osteoblast adhesion, or osteointegration,21

whereas surfaces with rough textures increase the substrate/
tissue interlocking and promote osteoblast differentiation. The
mechanisms of cell detection and response to the implant surface
nanofeatures are still unclear. For instance, Liwen Lin proposed
that proteins may “sense” the surface topography at the
nanoscale; therefore, materials with microscale textured surfaces
may be “rough or hostile” to cells but “smooth and friendly” in
presence of nanoscale textured surfaces.22 Therefore, the
contribution of nanostructures to implant-tissue integration still
needs further study and characterization in order to figure out
optimal method of dental and orthopedic implant surface
treatment.

In spite of more than five decades of research in that field the
formation of homogeneous LIPSS is still a challenge. Mecha-
nisms of LIPSS formation by femtosecond laser pulses are not
yet completely understood, but the common approach is based
on the concept of interference between incident laser beam and
laser-excited surface plasmon-polaritons supported by the
presence of free electrons in metals,23 the interference pattern
during laser pulse consists of periodic maxima of total laser
intensity at the metal-air interface imprinted by ablation into the

metal surface. Those LIPSS on metal surfaces have found
multiple applications in research on mechanics,24 adhesion25

and wettability.26 However, transfer of the LIPSS technology to
the real-world industrial and medical applications is limited by
several technical challenges among which control of regularity,
reproducibility of LIPSS over large surface areas, and low rate of
LIPSS production are of major importance.

Although, Oktem et al. proposed a new method to generate
LIPSS named Nonlinear Laser Lithography.27 However, the
physical model proposed by the authors was focused only on thin
films and considered their oxidation; moreover, their approach is
time consuming and presents low productivity rate. Those
crucial issues still block the transfer of the femtosecond-LIPSS
technology to industry and clinics.

The objective of the current research is to evaluate the
biological response of in-vivo and in-vitro cell models attached
to the surface of Zr and titanium alloy samples nanostructured by
femtosecond laser pulses. The proposed nanostructuring method:
Highly Regular LIPSS (HR-LIPSS) preserves the quality of
nanostructures over a significant area of the nanotextured surface
at an unprecedented treatment rate of about 15 mm2/s,24,28 HR-
LIPSS combines micron-scale Low Spatial Frequency LIPSS
(LSFL) with nano-scale roughness and is expected to be highly
favorable for the osteointegration processes. The proposed approach
that can guarantee high robustness and throughput rate is
investigated in terms of cell viability and proliferation in order to
evaluate the potential applications for surgery and dental implants.

Methods

Materials

Commercial grade-5 titanium alloy (Ti6Al4V) and zirconium
(Zr, 99.7% purity) were purchased from Kurdumov Institute,
NASU. The 10 mm diameter rods were cut in cylindrical slabs of 2
mm thickness. Subsequently, the slab surfaces were mechanically
polished, resulting in surface roughness parameters (Table 2).

Laser setup and LIPSS surface texturing

The HR-LIPSS were imprinted on polished Ti6Al4V and Zr
samples using a Light Conversion Pharos femtosecond Yb-
doped solid state laser system. It delivers 213 fs pulses at central
wavelength 1030 nm with a spectral width of 15 nm (FWHM).
At pulse repetition rate of 600 kHz, the average output power is
up to 20 W. The general scheme of the laser beamlines setup is
shown in Figure 1.

The laser was then coupled to a galvanometer scanner system
(ProSeries Cambridge Technology) equipped with an f-theta lens
with 56 mm focal length resulting in a nominal laser spot
diameter at 1/e2 intensity of 10.4 μm. This set up allows for
scanning the metal surface at a linear speed of 3 m/s and an
equivalent production rate of about 900 mm2/min. The laser
beam focused on the samples was scanned with bidirectional
strategy in order to uniformly cover all the round samples. The
parameter set is presented in Table 1.

An example of the HR-LIPSS treated surface on zirconium is
shown in Figure 1. As visible at the glance, the surface appears
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iridescent, a clear indication of the presence of sub-micrometer
periodic structures. The iridescence is uniformly distributed
indicating a good uniformity at large scale.

Surface characterization of samples treated by HR-LIPSS

The surface morphology was investigated by secondary
electrons imaging and custom modes using a FEI Nova
NanoSEM 450 with X-EDS Bruker QUANTAX-200. Cross
sections were obtained and characterized by FEI Scios ultra-
high-resolution analytical Dual-Beam system that reached the
sub-surface layer using focused ion beam (FIB) technique. The
surface morphology was imaged by AFM. The surface
roughness was expressed in terms of arithmetic mean height
(Ra) and maximum height (Rz) according to ISO 4287 standard
and calculated from five different profiles. The chemical
composition of the laser treated surfaces was investigated by
X-ray photoelectron spectroscopy (XPS) with a XSAM800
KRATOS spectrometer operated in the fixed analyzer transmis-
sion (FAT) mode. Experimental conditions and data treatment
details were described elsewhere.29 The sensitivity factors Ti 2p:
2.098, Al 2p: 0.257, Zr 3d: 2.796, O 1 s: 0.736, and C 1 s: 0.318
were used for the calculation of the atomic concentrations.

Contact angle measurement

Contact angle (CA) measurements experiments were made
using a video-based optical contact angle measuring instrument
(OCA 15 EC, Data Physics, USA). The CA data was recorded
for ultra-pure water, for at least 3 parallel samples.

Cell culturing

Samples with modified and non-modified surfaces (7 in each
group) 10 mm in diameter were sterilized by 70% ethanol for 3 h
at room temperature, washed in PBS twice and placed in 24-well
plates. Dulbeccos Modified Eagle Medium (DMEM; Invitrogen,
cat. no. 11960) supplemented with 10% Fetal Bovine Serum
(FBS; Invitrogen), 2 mM L-glutamine (Invitrogen, cat. no.
25030), 0.1 mM 2-mercaptoethanol (Sigma, cat. no. M7522), 50
units/mL penicillin and 50 g/mL streptomycin (Invitrogen, cat.
no. 15070) was added to each well, and incubated at 37 °C in a
humidified environment with 5% CO2. After 24 h, HDFa
(Human Dermal Fibroblasts-Adult) were seeded at 104 cells per
sample in 2 mL of DMEM. Samples with cells were incubated at
37 °C with 5% CO2, and media was changed every 2 days during
a 10-day culture period. All experiments were triplicates.

Figure 1. A laser setup for ultrafast laser writing of highly-regular periodic structures on metallic materials. HWP: half-wave plate.

Table 1
Laser parameters.

Material Speed, mm/s Step, μm Pulse duration, fs Repetition rate, kHz Fluence, J/cm2

Ti6Al4V 3000 4 213 600 0.6
Zr 3000 4 213 600 0.49
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Cell viability

Alamar Blue (AB) assay was used to access cell viability on day
3, 7, 10 and 30 after seeding.Mediawas removed fromeachwell and
washed with PBS. One milliliter of Alamar Blue™ solution was
added to each scaffold and incubated for 2 hours. Two aliquots of
200 μl of Alamar Blue™ solution was collected from each scaffold
and read at a wavelength of 570 nm in a colorimetric plate reader to
obtain baseline values of colorimetric absorbance.

Animal model

All animal procedures were approved by the Commission on
Biomedical Ethics of Sumy State University (#14/06 on 14/06/
2015). Thirty male laboratory rats, aged 8–9 months, were
involved in the experiment. Animals were housed at 22 ± 2 °C
on a 12 h light/dark cycle and received food and water ad libitum.
Keeping of the animals and experiments were carried in
accordance with the Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the
Protection of Animals Used for Scientific Purposes.

All animals were divided into two groups (15 in each)
according to the type of alloy:

1. Group 1 (Control) –Ti alloy (sub-group 1) and Zr (sub-
group 2) with smooth polished surface;

2. Group 2 – Ti alloy (sub-group 1) and Zr (sub-group 1)
with modified surface;

The procedure of implantation included: after general
anesthesia (ketamine, 10 mg per kg of animal weight) and
peripheral vein catheterization, the back of animals was shaved
in the intrascapular region. The surgical site was treated with C-4
solution (hydrogen peroxide and formic acid) and then a
longitudinal incision was made. Subcutaneous tissues were
separated from the skin above the left scapula and the implants
were placed under the skin 1.0 cm from the incision (Figure 1, A
and B). Before implantation all samples were sterilized in 70%
ethanol during 30 min and washed in PBS twice. Finally, the
wound was closed with simple interrupted sutures and aseptic
dressing was applied (Figure 1, C).

After the operation, all the animals were kept in individual
boxes to prevent additional trauma of the operation site. Animals
were taken from experiment by overdose of narcosis (ketamine,
70 mg per 1 kg of animal weight) in 10 (15 rats) and 30 (15
animals) days after the implantation.

In vivo results assessment

Scanning electron microscopy

Sampleswere removedwith care to prevent damage of the tissues
that were covering implants (Figure 2). In case of capsule formation
(2 control samples), they were cut and implants were removed. All
the samples were put in 5% formaldehyde for 1 h, dehydrated in
solutions of ethanol and dried in a vacuum set-up. To avoid surface
charge accumulation in the soft tissue surface all the samples were
covered with a thin (30–50 nm) layer of silver in the vacuum set-up
VUP-5 M (SELMI). Scanning electron microscopy was performed
by using the electron microscope REMMA102 (SELMI).

To analyze experimental results the following aspects were
taken into account:

1. The presence of cells and fibers on the surface of the
sample and their distribution;

2. Cells density per 1 mm2;
3. Fibers size.

Statistics

One-way ANOVA with multiple comparisons was used to
assess difference between groups using GraphPad Prism 8.0
software. Statistical significance was assumed at a confidence
level of 95% (P b 0.05).

Results

Morphological analysis

The HR-LIPSS morphology on both pure Zr and Ti alloy was
investigated by SEM. The images (Figure 3) reveal that
nanostructures were successfully obtained on all the treated
areas and they appear homogeneously distributed and regular.
No bifurcations are present on both pure Zr and Ti alloy while
some nanoparticles of recast materials are evident. The direction
of the nanoripples is perpendicular to the laser polarization. The
periods of nanostructures are 800 ± 42 nm for Zr and 820 ± 36
nm for Ti alloy. The roughness of the samples obtained from
AFM profiles are given in Table 2.

On the basis of the FIB cross-sections reported in Figure 4a and
Figure 5a for Zr and Ti6Al4V respectively, the thickness of ripples
into the bulk is around 300–350 nm for bothmaterials (Figures 4a(II)
and 5a(II) ). In accordancewith SEM images of surface, regularity of
periodic structures in cross-section is higher for Ti alloy than for Zr.

Figure 2. The in-vivo procedure for Ti6Al4V and Zr disks implantation. A – formation of subcutaneous pocket, B – Implantation procedure and C – Position of
metal disk after implantation.
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This is in good agreement with 28 and can be due to shorter period of
plasmon-polariton wave on Ti surface in comparison with Zr.

As shown by the EDX maps both Ti alloy and Zr deep down
the cross section of the sample, the oxygen is equally mixed with
titanium Figure 4a(I) and zirconium Figure 5b(I). Above the
periodic structures, on Ti6Al4V and Zr there is a visible thin film
of oxygen, which is also confirmed by the XPS results.

Surface chemical analysis by XPS and wettability

The chemical composition of the treated and untreated
surfaces of both Ti alloy and pure Zr were studied by XPS.
Figure 6 shows the XPS regions of interest.

The surfaces are composed mainly by metal oxides and
hydroxides, in particular TiO2 and a small amount of Al3+

(Al2O3 and Al(OH)3) in the Ti alloy and ZrO2 in the Zr sample.
Vanadium is on the tail of O 1 s region (Figure 6 (c)) and is
barely detected: a not quantified peak, around ~517 eV, is
assigned to V2O5 V 2p3/2 component.

In the Ti alloy, the main doublet in Ti 2p region (Figure 6 (a))
is assigned to TiO2, with Ti 2p3/2 centred at 458.6 ± 0.1 eV; in
the untreated surface, at lower binding energies (BE), Ti 2p3/2
peaks centred at 453.8 and 455.5 eV are assigned to Ti0 and
titanium suboxides at the interface metal/oxide, respectively;
after treatment, Ti0 is no longer detected and the relative amount
of Ti suboxides decreases. Al 2p (Figure 6 (b)) is composed by 2

(A)

(B)

Figure 3. Modified surfaces of Ti-6Al-4 V (a) and Zr (b) by laser induced periodic surface structures (LIPSS).

Table 2
Roughness parameters.

Roughness parameters, μm Polished Ti6Al4V Polished Zr LIPSS on Ti6Al4V LIPSS on Zr

Ra 0.006 0.007 0.131 0.148
Rz 0.013 0.017 0.316 0.386
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Figure 4. (a) SEM image of FIB cross-section with EDS (I) and FIB (II) insets of Ti alloy modified by HR-LIPSS. (b) EDS elements mapping of Ti6Al4V after
HR-LIPSS treatment (I-VI).
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doublets, with the Al 2p3/2 peaks centred at 74.1 ± 0.2 eV and
76.2 ± 0.4 eV attributed, respectively, to Al2O3 and Al(OH)3 or
oxyhydroxides. C 1 s (Figure 6 (d)) reveals that some
carbonaceous species are also present at the surface, in particular
aliphatic carbon, carbon singly bound to oxygen and carboxylate
groups, assigned to peaks in C 1 s centred at 285, 286.6 ± 0.1
and 288.8 ± 0.1 eV, respectively. In Figure 6 (e), O 1 s shows
oxygen from metal oxides and hydroxides, centred respectively
at 530.1 ± 0.1 and 531.8 ± 0.1 eV, and organic oxygen, as
attested by the peak centred at 533.3 ± 0.2 eV attributed to
oxygen singly bound to carbon and also by the peak assigned to
the hydroxides which can also include oxygen doubly bound to
carbon.

In pure zirconium, Zr 3d region of the untreated sample was
fitted with 3 doublets (Figure 6 (f)), with the Zr 3d5/2 centred at
178.2 ± 0.2, 180.0 ± 0.3 and 182.3 ± 0.1 attributed, respective-
ly, to Zr0, that is hardly detected after treatment, to zirconium
suboxides, most probably coming from the interface metal/
surface oxides, which also decrease after treatment, and to ZrO2

(the most abundant). Like in Ti6Al4V, the same types of
carbonaceous species are detected at the surface of pure Zr
(Figure 6 (g) and (h)).

Contact angle of non-treated polished surface was 80.66 ±
5.340 and 84.31 ± 6.20 respectively in Ti and Zr samples. After
LIPSS treatment does not affect surface hydrophilicity with
contact angle 85 ± 40 and 87 ± 50.

Zr L series Pt L series O K series

1 µm 1 µm 1 µm

(B)

I II III

I

II

1 µm

Figure 5. (a) SEM image of FIB cross-section with EDS (I) and FIB (II) insets of Zr modified by HR-LIPSS. (b) EDS elements mapping of Zr after HR-LIPSS
treatment (I-III).
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Figure 6. XPS regions of: Ti-6Al-4 V (a- e); and pure Zr (f-h). Top (blue spectrum): treated surface by laser; bottom (black spectrum): untreated surface.
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Cell culture

There was no significant difference between cells attachment
and viability on Ti alloy and Zr. Fluorescent data indicate
significant higher attachment (3rd day after cell seeding) on
treated surface (459 ± 27 – for Ti and 523 ± 12 – for Zr)
compare to polished implants (259 ± 9 and 315 ± 12). HDFa
proliferated on control samples and fluorescence was signifi-
cantly higher on day 7 and day 10 compared to the initial time
point (day 3). Cell proliferation on treated surface shown 2 fold
increasing in fluorescence on day 7 and day 10 compare the
control ones (Figure 7).

Animal model

Both Ti alloy and Zr control implants (with smooth surfaces)
were not covered with cells and fibers in 10 and 30 days after
implantation (Figure 8, upper row). Single random fibers were
observed, but probably they attached to samples during the
samples removing procedure and have no bindings with metal
surface. All implants were covered by thin capsule easily
removed from them. Comparing to the control, all the modified
samples were completely covered with connective fibers and
cells in 10 days. Three types of cells were identified in current

experiments erythrocytes, fibroblasts and leucocytes. Cells were
on the fibers, that probably adsorbed to the metal surface in a first
step after implantation. There is no difference in cells number
and types between Ti alloy and Zr (Figure 8, middle row).

The number of erythrocytes and leucocytes are the same in
both types of metal. The density of erythrocytes is 11.5 ± 2.9 per
mm2 and 13.3 ± 4.3 per mm2 for the Ti alloy and for the Zr
implants, respectively; the density of leucocytes is 3.6 ± 1.2 and
2.1 ± 0.5 per mm2 for the same set of implants. However, the
density of fibroblasts ranges from 7.4 ± 0.6 per mm2 on Ti alloy
and 8.8 ± 0.4 per mm2 on Zr samples. Fibers covering the
modified metallic implants were uniformly distributed on
implant surface. Thin fibers with diameter less than 2 μm
covered all surface and makes irregular bundles up to 20–30 μm
in cross section dimension.

After the 30 days of implantation, treated metal implants were
completely integrated with surrounding tissues and were hardly
removed during operative procedures. Implant surface were
completely covered with connective tissue-like structures with
high amount of fibers. No specific cells were determined during
SEM investigation.

Discussion

Surface topography and chemistry are essential parameters
for the interaction between implant and surrounding tissues due
to their influence on ion exchange, protein adsorption and cell
adhesion and interaction. There are a lot of evidences that rough
surfaces significantly increase tissue integration properties of
different materials.29,30 Modifications of metal surfaces are often
employed as a means of controlling tissue-implant interactions
and shortening the time of healing.

Nevertheless, the influence of roughness size and their
topography are still under investigations. Current methods allow
to makes surfaces with structures from nano- to microscale
dimensions with different topography. Design of surfaces with
high waviness and porosity in microscale dimensions allows
bone ingrowth and induces strong bone interlocking, improving
thereby the mechanical resistance and stability of the implant.31

Most studies have shown that roughness sizes over 25 μm induce
cells adhesion and proliferation, but pores larger than 200 μm in
diameter induce slower bone formation than smaller pores.32

Also, different responses to microscaled surface roughness can
be observed in different cell types. Kunzler et al. have shown that
osteoblasts prefers rougher surface whereas fibroblasts are
favored by smoother areas.33 Finally, the roughness or pore
size from 25 to 150 μm are more appropriate for cell adhesion,
proliferation and implant-tissue integration.

Many cell studies have shown the importance of the
nanodomains in cell adhesion and proliferation.34,35 Nanostruc-
tures on titania surfaces have also been shown to modulate the
inflammatory response and to enhance osseointegration if kept in
the appropriate ranges.36,37 These studies suggested that
nanoscaled domains have important roles in osseointegration
irrespective of the underlying microstructure.38,39 Small changes
in roughness are accompanied by local changes in chemistry in a
way that it is still speculative to unambiguously claim the role of

(A)

(B)

Figure 7. Cell viability of HDFa cells on Ti (a) and Zr (b) surface with
different surface modification. Mean ± SD of the fluorescence of the media
after the resazurin reduction assay, which is an indicator of metabolic
activity. N = 3.
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structure alone in the biological environment.40 Also, there are
some evidences about changing of mechanical properties and
corrosion resistance after nanoscale surface treatment. For
example, titania nanotubes before and after annealing exhibit
different corrosion properties and the titanate nanowire films, in
fact, have inferior mechanical performance.31

Surface chemistry also plays an important role in protein
adhesion. XPS investigation has shown the presence of
hydroxides and carbonaceous species on the surface of the

analyzed materials after HR-LIPSS treatment. Those species
may promote the protein adsorption on the implant surface
favoring both the platelet adhesion-activation and fibrin-binding
accelerating implant healing and increasing the implant surface.6

Chemical patterns combinedwith structural features can influence
on implant wettability, but current experiment did not show
significant influence to contact angle for both Ti and Zr samples.

The experimental data presented in this work demonstrates a
pronounced improvement of biological reaction of the nano-

Figure 8. Surface of Ti alloy and Zr in untreated and treated after 10 and 30 days modes after the subcutaneous implantation. Surfaces of modified implants
covered by the developed network of connective tissue fibers (Fi). Above the fibers we can observe erythrocytes (Er), leucocytes (Le) and fibroblasts (Fb).
Please, change Ti to Ti6Al4V (in the Figure title).
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structured implant surface as compared to polished non-
structured ones. Probably, nano-topography allows faster and
complete protein adsorption with next cells adhesion.41,42

Roughly 2 time more cells on HR-LIPSS treated surface
compared the non-treated ones on day 3 after cell seeding. Up
to day 10 enhancement of cell proliferation in HR-LIPSS groups
are observed and it is important to outline without any
dependence with the metal, i.e. Ti alloy or Zr, was observed
suggesting a predominant influence of surface topography. The
proposed mechanism for cell attachment and proliferation starts
with the early proteins adhesion on LIPSS-treated surface that
provokes integrin-mediated cellular signaling cascades and
stimulates cell proliferation.

In vivo experiments also showed that no cell adhesion
occurred on a smooth surface in opposite to the laser-
nanostructured ones. Different cell types, including fibroblast-
like cells, migrate from blood and surrounded tissues on implant
surface but cell adhesion we can see only in modified groups.
Other in vivo studies have shown that regular smooth surface
titanium surface have a presence of a dominant circular system of
collagen fibers around the material.43 Attached cells, predom-
inantly fibroblasts, proliferate and produce fibers that integrate
with implant surface. On day 30 after implantation we can
observe complete integration of nano-structured surface with
connective tissue and luck of tissue integration in smooth
implants.

Conclusion

The use of femtosecond laser for the generation of HR-LIPSS
on dental implants surfaces to improve cell adhesion and
proliferation is reported. Results demonstrate a higher ratio of
cells growth on laser-nanostructured surfaces compared to
untreated ones. The surface characterization by XPS shows
that the metal surfaces are highly oxidized (metal oxides and
hydroxides). After laser treatment the metallic phase becomes
less visible which may be due to an increase of the oxide/
hydroxide layer and to some covering by an increased amount of
oxidized carbonaceous species. The absence of dependence of
cell proliferation on the type of metal (Ti alloy or Zr) and the
strong dependence of cell proliferation on the topography and on
the oxidation degree of the surface suggests a predominant role
of the surface topography but also some influence of its
composition on those biological processes. This fact opens
great prospects for the HR-LIPSS method in the modification
and improvement of the surface of dental and surgical implants.
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